US008860025B2

a2 United States Patent

Mauder et al.

(10) Patent No.: US 8,860,025 B2
(45) Date of Patent: Oct. 14,2014

(54) SEMICONDUCTOR DEVICE AND METHOD HOIL 29/1095 (2013.01); HOIL 29/7813
FOR MANUFACTURING THE (2013.01); HOIL 29/6609 (2013.01)
SEMICONDUCTOR DEVICE USPC 257/51, 257/133; 257/E29.327; 257/E29.198,;

257/E21.384

(75) Inventors: Anton Mauder, Kolbermoor (DE); (58) Field of Classification Search

Franz Hirler, Isen (DE); Hans-Peter LOI) & G 257/51, 133, E29.327, E29.198,
Felsl, Munich (DE); Hans-Joachim o 2.5 7/E21.384
Schulze, Taufkirchen (DF) See application file for complete search history.
(56) References Cited
(73) Assignee: Infineon Technologies AG, Neubiberg
(DE) U.S. PATENT DOCUMENTS
. . . . . 6,979,861 B2  12/2005 Rodov et al.
(*) Notice: Subject. to any dlsclalmer,. the term of this 7.816210 B2 10/2010 P(())el(;;]:t :1'
patent is extended or adjusted under 35 2008/0121993 AL* 52008 Hefner etal. ..c.c.c.c... 257/341
U.S.C. 154(b) by 267 days.
FOREIGN PATENT DOCUMENTS
(21) Appl. No.: 13/227,206
DE 10 2009 047 808 Al 5/2011

(22) Flled Sep. 7, 2011 sk cited by examiner

(65) Prior Publication Data Primary Examiner — Matthew W Such
US 2013/0056731 Al Mar. 7. 2013 Assistant Examiner — Monica D Harrison

ar 7, (74) Attorney, Agent, or Firm — Murphy, Bilak & Homiller,

(51) Int.CL PLLC
HOIL 29/861 (2006.01) 67 ABSTRACT
HOIL 21/331 (2006.01) A semiconductor device includes a semiconductor diode. The
HOIL 29/739 (2006.01) semiconductor diode includes a drift region and a first semi-
HO1L 29/78 (2006.01) conductor region of a first conductivity type formed in or on
HOIL 29/10 (2006.01) the drift region. The first semiconductor region is electrically
HOIL 29/66 (2006.01) coupled to a first terminal via a first surface of a semiconduc-
HOIL 29/06 (2006.01) tor body. The semiconductor diode includes a channel region
HOIL 29/423 (2006.01) of a second conductivity type electrically coupled to the first

(52) US.Cl terminal, wherein a bottom of the channel region adjoins the
CPC ) HOIL 29/861 (2013.01); HOIL 29/0692 first semiconductor region. A first side of the channel region

(2013.01); HOIL 29/4236 (2’013.01); HOIL adjoins the first semiconductor region.
29/7803 (2013.01); HOIL 29/0626 (2013.01); 17 Claims, 8 Drawing Sheets
]
341 341 300
]
343" 1340° 343 )340 302 349
\\ ) ) ) .
07BN NSN30
2 13/% .............. NN @
) ol
337 337 P 301b
+ -
N —309




U.S. Patent Oct. 14, 2014 Sheet 1 of 8 US 8,860,025 B2

100
, 104
08 Y 1/06 10 /
K777, 777 103
YK ' X
'\\ =’\\\=__:'t n n n *-‘/‘101
\/ /*\H
105) Wy n 107
11 ~130
) n }*108
/ { +—109
) X
nt l_'
y
FIG 1
104
10)4a10}4b 1())2
14 Y. 7|
n+
106’ 106
n
111~ Jp Jiy | 101
uk—\/



U.S. Patent Oct. 14,2014 Sheet 2 of 8

104a,104
) 11}5 1())2
7 77, 7]
TN
Wz\
106’ 106
n
111~ Jp Jiy | 101
uk\/
105
FIG 2B
ﬁ\1q4 102
7 /i’//\V 2]
P
| W1
106’ i 106

US 8,860,025 B2



U.S. Patent Oct. 14, 2014 Sheet 3 of 8 US 8,860,025 B2

Ny

-
FIG 3
104104 104
0 41104 @ @ @
=R
T )
104 104 104
FIG 4A FIG 4B
777777
) iz V1%
% —1~104
% 7

FIG 4C



U.S. Patent

Oct. 14, 2014 Sheet 4 of 8

—S5100
—S110
—S5120
—S5130

| 1~~~ 1US

| p +—101

| | )

| |

| N +107

| |

| |

| |

| |

I n —108

I I

I n+ +—109 )

FIG 6A

US 8,860,025 B2

~130




U.S. Patent

Oct. 14,2014

Sheet 5 of 8

([

n

137 137 137 137

[ )

1371

107
|

1108
|

US 8,860,025 B2

>130

+109

104

104

104

FIG 6B

104 104

>130

|

|

|

I -

| n

|

l

| |

I n —108
L I

I nt +—109

FIG 6C



U.S. Patent Oct. 14, 2014 Sheet 6 of 8 US 8,860,025 B2

iininininli®

| |
| |
: 137 N 107
| |
| I >130
Lo 1108
| |
| n+ +—109 )
FIG 7A
135
sin]u]uiu]s
| [ I | )
| |
1137 107
| | 130
L 1108
| |
| n+ +—109 )

FIG 7B



U.S. Patent Oct. 14, 2014 Sheet 7 of 8 US 8,860,025 B2
240 200
243) 241 292 /7
TSRS N\
............. 24 oot
L 201h 201
4 _ yl
- —T—207
[ 1209

213 QﬁO 241

202

200°
7

\\’\\\\\\\\\\\\\\\\ N \\
/Ll W

>~ ——203

~201a

L 201p 201

A
237/ ty Nt

___yi

T—207

FIG 9



U.S. Patent Oct. 14, 2014 Sheet 8 of 8 US 8,860,025 B2

341" 341
3 |30 343 )30
) )
S s\ \ i .
‘la_/—- A RN e A NN e
7 Uz
207> 373
575
) T\
337 337P 301
n" ~—309

FIG 10



US 8,860,025 B2

1
SEMICONDUCTOR DEVICE AND METHOD
FOR MANUFACTURING THE
SEMICONDUCTOR DEVICE

BACKGROUND

Semiconductor devices such as field effect transistors
(FETs) or diodes are used for various applications. These
semiconductor devices are typically required to meet specific
demands on characteristics such as the capability to carry
surge currents and soft switching.

Since characteristics such as surge current capability and
switching behaviour are influenced by an excess charge car-
rier distribution of electrons and holes within the device, it is
desirable to better adapt the access charge carrier distribution
to different operation modes within the device so as to
improve characteristics such as surge current capability and
soft switching behaviour.

SUMMARY

According to one embodiment of a semiconductor device,
the semiconductor device includes a semiconductor diode.
The semiconductor diode includes a drift region and a first
semiconductor region formed in or on the drift region. The
first semiconductor region is electrically coupled to a first
terminal via a first surface of a semiconductor body. The
semiconductor diode further includes a channel region of a
second conductivity type electrically coupled to the first ter-
minal. A bottom of the channel region adjoins the first semi-
conductor region. A first side of the channel region adjoins the
first semiconductor region.

According to another embodiment of a semiconductor
device, the semiconductor device includes a drift region and
a first semiconductor region in or on the drift region. The first
semiconductor region is electrically coupled to a first termi-
nal via a first surface of a semiconductor body. The semicon-
ductor device further includes a first trench extending into the
first semiconductor region from the first surface. The first
trench includes an electrode electrically coupled to the first
semiconductor region and the first trench further includes a
dielectric layer between the electrode and the first semicon-
ductor region. A bottom of the first trench adjoins the first
semiconductor region.

According to an embodiment of a method of manufactur-
ing a semiconductor device, the method includes forming a
semiconductor diode by forming a drift region. The method
further includes forming a first semiconductor region in or on
the drift region and electrically coupling the first semicon-
ductor region to a first terminal via a first surface of a semi-
conductor body. The method further includes etching a trench
into the semiconductor body. The method further includes
forming a channel region of a second conductivity type in the
trench and electrically coupling the channel region to the first
terminal via the first surface of the semiconductor body,
wherein a first side of the channel region adjoins the first
semiconductor region.

Those skilled in the art will recognize additional features
and advantages up on reading the following detailed descrip-
tion, and up on viewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
further understanding of the present invention and are incor-
porated in and constitute a part of this specification. The
drawings illustrate embodiments of the present invention and
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together with the description serve to explain principles of the
invention. Other embodiments of the present invention and
many of the intended advantages of the present invention will
be readily appreciated as they become better understood by
reference to the following detailed description. The elements
of the drawings are not necessarily to scale relative to each
other. Like reference numerals designate corresponding simi-
lar parts. The features of the various illustrated embodiments
can be combined unless they exclude each other.

Embodiments are depicted in the drawings and are detailed
in the description which follows.

FIG. 1 is a schematic illustration of a vertical cross section
through a part of a semiconductor diode including a first
contact area electrically coupled to a p-type anode region and
to an n-type channel region.

FIGS. 2A through 2C illustrate embodiments of the n-type
channel region of FIG. 1.

FIG. 3 is a schematic illustration of n-type impurity profiles
of the n-type channel region along the line AA' of FIG. 2C.

FIGS. 4A through 4C illustrate top views on layouts of the
n-type channel region illustrated in FIG. 1.

FIG. 5 is a simplified illustration of a method of manufac-
turing a semiconductor diode according to an embodiment.

FIGS. 6A through 6C are schematic cross sections through
a part of a semiconductor body during one embodiment of
manufacturing the semiconductor diode of FIG. 1.

FIGS. 7A and 7B are schematic cross sections through a
part of a semiconductor body illustrating embodiments of
manufacturing the n-type channel region other than illus-
trated in FIG. 5B.

FIG. 8 is a schematic illustration of a vertical cross section
through a part of a semiconductor diode including a p-type
anode region and a trench including an electrode and a dielec-
tric adjoining the p-type anode region.

FIG. 9 is a schematic illustration of a vertical cross section
through a part of a semiconductor diode including a p-type
anode region and a V-shaped trench including an electrode
and a dielectric adjoining the p-type anode region.

FIG.101is a schematic illustration of a vertical cross section
through a part of an n-type channel FET including a trench
and a p-type region encompassing a bottom part of the trench.

DETAILED DESCRIPTION

In the following detailed description, reference is made to
the accompanying drawings, which form a part hereof, and in
which is shown by way of illustration specific embodiments
in which the invention may be practiced. In this regard, direc-
tional terminology, such as “top”, “bottom”, “front™, “back”,
“leading”, “trailing”, “over”, “above”, “below”, etc., is used
with reference to the orientation of the Figure(s) being
described. Because components of the embodiments can be
positioned in a number of different orientations, the direc-
tional terminology is used for purposes ofillustration and is in
no way limiting. Itis to be understood that other embodiments
may beutilized and structural or logical changes may be made
without departing from the scope of the present invention. For
example, features illustrated or described as part of one
embodiment can be used on or in conjunction with other
embodiments to yield yet a further embodiment. It is intended
that the present invention includes such modifications and
variations. The examples are described using specific lan-
guage which should not be construed as limiting the scope of
the appending claims. The drawings are not scaled and are for
illustrative purposes only. For clarity, the same elements or
manufacturing processes have been designated by the same
references in the different drawings if not stated otherwise.
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The terms “lateral” and “horizontal” as used in this speci-
fication intends to describe an orientation substantially par-
allel to a first surface of a semiconductor substrate or semi-
conductor body. This can be for instance the surface of a
wafer or a die.

The term “vertical” as used in this specification intends to
describe an orientation which is arranged substantially per-
pendicular to the first surface of the semiconductor substrate
or semiconductor body.

As employed in this specification, the terms “coupled”
and/or “electrically coupled” are not meant to mean that the
elements must be directly coupled together—intervening ele-
ments may be provided between the “coupled” or “clectri-
cally coupled” elements.

In this specification, p-type or p-doped may refer to a first
conductivity type while n-type or n-doped is referred to a
second conductivity type. It goes without saying that the
semiconductor devices can be formed with opposite doping
relations so that the first conductivity type can be p-doped and
the second conductivity type can be n-doped. Furthermore,
some Figures illustrate relative doping concentrations by
indicating “-" or “+” next to the doping type. For example,
“n~” means a doping concentration less than the doping con-
centration of an “n”-doping region while an “n*”’-doping
region has a larger doping concentration than the “n”-doping
region. Indicating the relative doping concentration does not,
however, mean that doping regions of the same relative dop-
ing concentration have the same absolute doping concentra-
tion unless otherwise stated. For example, two different n*
regions can have different absolute doping concentrations.
The same applies, for example, to an n* and a p* region.

Further, terms such as “first”, “second”, and the like, are
also used to describe various elements, regions, sections, etc.
and are also not intended to be limiting. Like terms refer to
like elements throughout the description.

As used herein, the terms “having”, “containing”, “includ-
ing”, “comprising” and the like are open ended terms that
indicate the presence of stated elements or features, but do not
preclude additional elements or features. The articles “a”,
“an” and “the” are intended to include the plural as well as the
singular, unless the context clearly indicates otherwise.

FIG. 1 illustrates a semiconductor diode 100 according to
an embodiment. The semiconductor diode 100 includes a
p-type anode region 101 electrically coupled to a first contact
area 102, e.g. a conductive area such as a metal area, via a first
surface 103 of a semiconductor body 130. A lateral direction
x extends in parallel to the first surface 103 and a vertical
direction y extends perpendicular to the first surface 103.

An n-type channel region 104 is electrically coupled to the
first contact area 102. A bottom side 105 ofthe n-type channel
region 104 adjoins the p-type anode region 101. A lateral face
106 of the n-type channel region 104 adjoins the p-type anode
region 101. A bottom side of the p-type anode region 101
adjoins a top side of an n™-type drift zone 107. A bottom side
of the n™-type drift zone 107 adjoins a top side of an n-type
field stop zone 108. A bottom side of the n-type field stop zone
108 adjoins a top side of an n*-type cathode region 109. The
n-type field stop zone 108 may be omitted in other embodi-
ments.

In the embodiment illustrated in FIG. 1, the drift zone 107
is of n™-type. According to another embodiment, the drift
zone 107 is intrinsic. According to yet another embodiment,
the drift zone 107 is of p~-type. A transition between the drift
zone 107 and the p-type anode region 101, regardless of
whether the drift zone 107 is intrinsic, of n™-type or of
p-type, is located in a depth y, along the vertical direction y
where a p-type impurity profile of the p-type anode region
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101 intersects an n-type or p-type profile of the drift zone 107
or where the p-type impurity profile of the p-type anode
region 107 adjoins the intrinsic profile of the drift zone 107.

According to one embodiment, a maximum width w1 of
the channel region 104 along the lateral direction x satisfies
50 nm<w,<500 nm.

According to another embodiment, a thickness t, of a part
111 of the p-type anode region 101 between the bottom side
105 of the n-type channel region 104 and a top side of the
n~-type drift region 107 is chosen to accumulate a space
charge per area in the part 111 that is smaller than a charge to
breakdown per area between the anode region 101 and the
cathode region 109. As an example the charge to breakdown
qbr may satisfy 5x10** cm™2<qbr/e<4x12 cm™2, in particular
1x10"2 cm—2<gbr/e<2x10'%cm™2.

The n-type channel region 104 provides a current path
between the first contact area 102 and the cathode region 109
which s in parallel to a whole current injected from the p-type
anode region 101 into the n™-type drift zone 107. In other
words, electrons from the n™-type drift zone 107 may be
conducted to the first contact area 102 at the first surface 103
via the n-type channel region 104.

An increase in a vertical current flow along the n-type
channel region 104 results in an increasing voltage drop along
the vertical direction y of the n-type channel region 104. Due
to this voltage drop, a space charge region between the n-type
channel region 104 and the surrounding p-type anode region
101 builds up. The extension of the space charge region into
the n-type channel region 104 is larger in a bottom part of the
n-type channel region 104 than in a top part which is due to the
decreasing voltage drop in the n-type channel region 104
from the bottom side to the top side. The space charge region
laterally extends into the n-type channel region 104 from
opposing sidewalls. A distance between the ends of opposing
space charge regions extending into one n-type channel
region 104 defines a width of the channel which is capable to
conduct any electron current from the n™-type drift zone 107
to the first contact area 102. Thus, an increase in the current
density between the first contact area 102 and the cathode
region 109 relates to a decrease of the channel width to the
n-type channel region 104 that is capable to conduct any
electron current. As a consequence, more holes are injected
from the p-type anode region 101 into the n™-type drift zone
107. In other words, an increase in the current density
between anode and cathode leads to an increase in an emitter
efficiency of the p-type anode region 101. Thus, at a nominal
current density within the device, a comparatively low anode
emitter efficiency allows to maintain a beneficial switching
characteristic and robustness whereas the comparatively high
anode emitter efficiency at high current densities within the
device, i.e. a comparatively high charge carrier flooding,
allows to improve a surge current capability.

Thus, the excess charge carrier distribution can be adapted
to different operation modes within the semiconductor diode
s0 as to improve characteristics such as surge current capa-
bility and soft switching behaviour.

FIGS. 2A through 2C illustrate layouts on the n-type chan-
nel region 104 according to embodiments.

Referring to FIG. 2A, the n-type channel region 104
includes an outer n-type layer 104a and inner n*-type layer
1045. The outer n-type layer 104a adjoins the surrounding
p-type anode region 101 at a bottom side and at lateral faces
of the n-type channel region 104. In the embodiment illus-
trated in FIG. 2A, during current flow along the channel
region 104, a lateral extension of two space charge regions
into the n-type channel region 104 from lateral faces 106, 106'
is largest at a bottom side of the outer n-type layer 104a. After
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passing the bottom side of the outer n-type layer 104a, an
electrode current from the n™-type drift zone 107 is conducted
vialow ohmic inner n*-type layer 1045 to the first contact area
102, i.e. an anode contact area.

Referring to FIG. 2B, the n-type channel region 104
includes an outer n-type layer 104a adjoining the p-type
anode region 101 at a bottom side and at lateral faces. A
dielectric layer 115, e.g. an oxide or nitride, is arranged on the
outer n-type layer 104a. Thus, the outer n-type layer 104a is
sandwiched between the dielectric layer 115 and the p-type
anode region 101. The embodiment illustrated in FIG. 2B
differs from the embodiment illustrated in FIG. 2A in that a
channel conducting electrons from the n™-type drift zone 107
to the first contact region 102 is laterally confined by a space
charge region and a dielectric layer 115. In the embodiment
illustrated in FIG. 2A, lateral confinement of the channel is
achieved by the lateral extension of two opposite space charge
regions into the n-type channel region 104. In the embodi-
ment illustrated in FIG. 2B, the n-type channel region 104 and
the dielectric layer 115 may be formed within a trench. Since
a width of the n-type channel region 104 is smaller than the
width of a previously formed, demands on lithographic masks
for manufacturing the n-type channel region 104 illustrated in
FIG. 2B are lower than in the embodiment illustrated in FIG.
2A. A width w, of the outer n-type layer 104a may be pre-
cisely adjusted by epitaxial growth on lateral faces and on a
bottom side of a trench within the p-type anode region 101,
for example.

Referring to FIG. 2C, the n-type channel region 104 is one
continuous layer including a substantially constant n-type
impurity concentration or a profile of n-type impurities
decreasing from the first surface 103 along the vertical direc-
tion y towards the n™-type drift zone 107, for example.

In each one of the embodiments illustrated in FIGS. 2A to
2C, an n*-type contact region may be formed between the
n-type channel region 104 and the first contact region 102 at
the first surface 103 to allow for an ohmic contact between the
n-type channel region 104 and the first contact area 102 (not
illustrated in FIGS. 2A to 2C).

Referring to FIG. 3, n-type impurity profiles of the n-type
channel region 104 are illustrated along the vertical direction
y of line AA' of FIG. 2C.

A curve denoted N; illustrates an n-type impurity profile
that decreases along the vertical direction y from the first
surface 103 at A to a bottom side of the n-type channel region
104 at A'. The n-type impurity profile N, may be formed by
diffusion or ion implantation of the n-type impurities. A peak
concentration of N at the first surface 103 at A may be large
enough to form an ohmic contact to the first contact area 102.
In this case, an additional n*-type contact region may be
supertluous.

The curve denoted N, includes a first profile part adjoining
the first surface 103 at A. This first profile part includes a peak
concentration of n-type impurities large enough to form an
ohmic contact to the first contact area 102 at the first surface
103 at A. The first profile part of N, may be formed by ion
implantation or diffusion of n-type impurities, for example. A
second profile part of N, includes a substantially constant
concentration of n-type impurities. The second profile part
may be formed by in-situ doping during epitaxial growth of
the corresponding part of the n-type channel region 104, for
example.

The curve denoted N also includes a first profile part at the
first surface 103 at A. The first profile part of N; forms an
ohmic contact to the first contact area 102. Further, the curve
denoted Nj includes a second profile part including an n-type
impurity concentration decreasing along the vertical direc-
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tion y towards a bottom side of the n-type channel regionat A'.
The second profile part may be formed by diffusion or ion
implantation of the n-type impurities.

FIGS. 4A through 4C illustrate top views on layouts of the
n-type channel region according to embodiments.

Referring to the schematic top view of FIG. 4 A, the n-type
channel region 104 is in the shape of stripes extending in
parallel to each other.

Referring to the schematic top view of FIG. 4B, the n-type
channel region 104 is in the shape of circles arranged in a
regular pattern.

Referring to FIG. 4C, the n-type channel regions 104 are
formed as interlaced closed rectangular-shaped loops.

According to other embodiments, other layouts and/or
other regular patterns of the n-type channel region 104 may be
used, e.g. interlaced circular loops or e.g. hexagonal patterns,
respectively.

FIG. 5 is a simplified illustration of a method of manufac-
turing a semiconductor diode according to an embodiment.

At 8100, a drift region is formed.

At S110, a first semiconductor region is formed in or on the
drift region and the first semiconductor region is electrically
coupled to a first terminal via a first surface of a semiconduc-
tor body.

At 8120, a trench is etched into the semiconductor body.

At S130, a channel region of a second conductivity type is
formed in the trench and electrically coupled to the first
terminal via the first surface of the semiconductor body,
wherein a first side of the channel region adjoins the first
semiconductor region.

The above features S100, S110, S120 and S130 may be
carried out in a sequence different from the sequence
described above.

FIGS. 6A through 6C illustrate schematic cross-sectional
views of a portion of a semiconductor body during manufac-
ture of a semiconductor diode according to an embodiment.

Referring to FIG. 6A, a p-type anode region 101 is formed
on an n -type drift zone 107 of a semiconductor body 130.
The n-type semiconductor body 130 further includes an
optional n-type field stop zone 108 and an n*-type cathode
region 109.

The p-type anode region 101 may be formed by implanting
p-type impurities such as boron into the n-type semiconduc-
tor body 130, for example. A thermal anneal may follow or be
carried out in a later process sequence.

Referring to FIG. 6B, a mask pattern 135, e.g. a hard mask
pattern or a resist mask pattern, is formed on the p-type anode
region 101. The mask pattern 135 may be formed by lithog-
raphy, for example. A material of the mask pattern 135 may be
appropriately chosen to act as an etch mask during subse-
quent etching of trenches into the p-type anode region 101
from the first surface 103. In the embodiment illustrated in
FIG. 6B, etching of the trenches 137 is terminated before the
trenches 137 penetrate the p-type anode region 101 into the
n~-type drift zone 107.

Referring to FIG. 6C, the trenches 137 are filled with an
n-type semiconductor layer constituting the n-type channel
regions 104. Filling up the trenches 137 may be carried out by
epitaxial growth on a bottom side and on side faces of the
trenches 137 or by deposition of a material such n*-type
polysilicon into the trenches 137, for example. An impurity
profile of the n-type channel regions 104 may be adjusted by
ion implantation using one or several implant doses and/or
implant energies and/or types of impurities.

Then, excessive material accumulated on the mask pattern
135 when filling the trenches 137 by deposition of this mate-
rial is removed.
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Optionally an n* contact region may be formed in the top
part of the n-type channel regions 104, e.g. using ion implan-
tation through the openings in the mask pattern 135.

Further processes including removing the mask pattern
135 and forming the first contact area 102 illustrated in FIG.
1 follow to complete the semiconductor diode.

The schematic cross-sectional views of the semiconductor
body 130 in FIGS. 7A and 7B illustrate further embodiments
of manufacturing the semiconductor diode.

The process illustrated in FIG. 7A differs from the process
illustrated in FIG. 6B in that etching of the trenches 137 is
terminated before etching the trenches 137 into the drift
region. In other words, the trenches 137 are etched into the
p-type body region 101 up to a top side of the n™-type drift
zone 107, i.e. these trenches penetrate the p-type anode region
101 and end on the top side of the n™-type drift zone 107.

The process illustrated in FIG. 7B differs from the process
illustrated in FIG. 6B in that etching of the trenches 137 is
terminated after etching the trenches 137 into the drift region.
In other words, the trenches 137 are etched through the p-type
body region 101 and into the n™-type drift zone 107.

FIG. 8 illustrates a semiconductor diode 200 according to
an embodiment. The semiconductor diode 200 includes a
p-type region 201 electrically coupled to a first contact area
202, e.g. a conductive area such as a metal area, via a first
surface 203 of a semiconductor body. The p-type region 201
includes a p-type anode zone 2014 adjoining the first contact
area 202 and a p-type field stop zone 2015 adjoining a bottom
side of the p-type anode zone 201a.

The semiconductor diede further includes a trench 237
extending through the p-type anode zone 201a and into the
p-type field stop zone 2015. A bottom of the trench adjoins the
p-type field stop zone 2015. The trench 237 includes an elec-
trode 240 comprising a conductive material such as a doped
semiconductor material, e.g. doped polysilicon, and/or a
metal or a combination thereof. The electrode is electrically
coupled to the p-type region 201 via the contact area 202. A
dielectric layer 241 electrically insulates the electrode 240
and the p-type region 201 ata bottom side and side faces of the
trench 237. An n*-type source zone 243 adjoins a side face of
the dielectric layer 241 of the trench 237 and is electrically
coupled to the first contact area 202.

The p-type region 201 adjoins an n™-type drift zone 207.
The n™-type drift zone 207 adjoins an n*-type cathode region.

In the embodiment illustrated in FIG. 8, the drift zone 207
is of n™-type. According to another embodiment, the drift
zone 207 is intrinsic. According to yet another embodiment,
the drift zone 207 is of p~-type. A transition between the drift
zone 107 and the p-type region 201, regardless of whether the
drift zone 207 is intrinsic, of n™-type or of p~-type, is located
in a depth y, along the vertical direction y where a p-type
impurity profile of the p-type anode region 201 intersects an
n-type or p-type profile of the drift zone 207 or where the
p-type impurity profile of the p-type anode region 201 adjoins
the intrinsic profile of the drift zone 207.

In the embodiment illustrated in FIG. 1, the channel region
104 allows for an electron current path in parallel to a hole
current injection path from the p-type anode region 101. In a
similar way, an electron current path builds up in the embodi-
ment illustrated in FIG. 8. When the current density is low
enough to allow for hole current injection from the p-type
field stop zone 2015 into the drift zone 207, i.e. electrons
diffuse from the drift zone 207 in the p-type field stop zone
2015 to a side face or bottom of the trench 237 and flow along
an inversion channel 273 at the side face of the trench 237 to
the source zone 243. A conductivity in the inversion channel
273 is controlled via a voltage of the electrode 240 in the
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8
trench 237 by field effect. A material of the electrode 240 may
be chosen to allow for a threshold voltage of OV or at around
0V. As an example, a material having a lower work function
than n-type polysilicon may be chosen.

A thickness t, of a part 211 of the p-type field stop zone
2015 between a bottom of the trench 237 and a top side of the
n~-type drift region 207 is chosen to accumulate a space
charge per area in the part 211 that is smaller than a charge-
to-breakdown per area between the p-type region 201 and the
cathode region 209. Hence, at a maximum reverse voltage of
the device, an electric field in the space charge region does not
reach the bottom of the trench and an increase in a leakage
current can be avoided.

At a nominal current density within the device, a compara-
tively low anode emitter efficiency allows to maintain a ben-
eficial switching characteristic and commutation robustness
whereas the comparatively high anode emitter efficiency at
high current densities within the device, i.e. a comparatively
high charge carrier flooding, allows to improve a surge cur-
rent capability. A rise in the anode emitter efficiency at high
current densities is due to a higher voltage drop along the
channel between the drift region 207 and the source region
237. This leads to an increased forward voltage drop across
the pn junction between the p-type region 201a and the
flooded area leading to an increased flooding of the p-type
field stop zone 2015 and of the drift region 207 with electrons
and holes above a doping level of the p-type field stop zone
2015 or drift region 207, respectively. The higher flooding
leads to an improved electric conductivity and thus to an
improved surge current capability.

Thus, the excess charge carrier distribution can be adapted
to different operation modes within the semiconductor diode
s0 as to improve characteristics such as surge current capa-
bility and soft switching behaviour.

FIG. 9 illustrates a semiconductor diode 200’ that differs
from the embodiment illustrated in FIG. 8 by the shape ofthe
trench 237'. In FIG. 9, the trench 237" is V-shaped. A V-shaped
trench may be formed by anisotropic etching using an alka-
line etch solution, for example. According to yet another
embodiment, the trenches may be in the shape of a trapezoid.

FIG. 10 illustrates a FET 300 according to an embodiment.
The FET 300 includes a p-type body region 301a electrically
coupled to a first contact area 302, e.g. a conductive area such
as a metal area, via a p*-type contact region 301c¢ at a first
surface 303 of a semiconductor body 330.

The p-type body region 301a adjoins an n™-type drift zone
307. The n~-type drift zone 307 adjoins an n*-type region 309
such as an n*-type substrate.

The FET 300 further includes a first trench 337 extending
through the p-type body region 301 and into the drift zone
307. A part of the first trench 337 that extends into the drift
zone 307 is encompassed by a p-type field stop zone 3015.
The first trench 337 includes a first electrode 340 comprising
a conductive material such as a doped semiconductor mate-
rial, e.g. doped polysilicon, and/or a metal or a combination
thereof. A conductivity in an inversion channel 373 is con-
trolled via a voltage of the first electrode 340 in the first trench
337 by field effect. The first electrode 340 is electrically
coupled to the p-type body region 301« via the first contact
area 302 above the first surface 303. A first dielectric layer
341 electrically insulates the first electrode 340 from the
p-type body region 301a and the p-type field stop zone 3015
below the first surface 303. A first n*-type source zone 343
adjoins a side face of the first dielectric layer 341 of the first
trench 337 and is electrically coupled to the first contact area
302.
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The FET 300 further includes a second trench 337' extend-
ing through the p-type body region 301« and into the drift
zone 307. The second trench 337 includes a second electrode
340' comprising a conductive material such as a doped semi-
conductor material, e.g. doped polysilicon, and/or a metal or
a combination thereof. A second dielectric layer 341' electri-
cally insulates the first electrode 340 from the p-type body
region 301a, the drift zone 307 and the first contact area 302.
A conductivity in an inversion channel 373 is controlled via
a voltage of the second electrode 340" in the second trench
337 by field effect. A second n*-type source zone 343' adjoins
a side face of the second dielectric layer 341' of the second
trench 337" and is electrically coupled to the first contact area
302.

In the embodiment of FIG. 10, active FET cells include the
second trench 337" and diode cells include the first trench 337.
Inthe diode cells, the excess charge carrier distribution can be
adapted to different operation modes within the diode cells so
as to improve characteristics such as surge current capability
and soft switching behaviour.

In the embodiments described above, the electrodes 140,
240, 340 in the trenches 137, 237, 337 are in direct contact
with the contact area 102, 202, 302 on top of the electrodes
140, 240, 340. According to other embodiments, dielectric
layers remain on at least part of a top side of the electrodes
140, 240,340 and the electrodes 140, 240, 340 are electrically
coupled to the contact area 102, 202, 302 in another way such
as via contact openings in the dielectric layers, for example.

According to an embodiment, the FET 300 includes a
p-type clamping region 349 extending from the first surface
303 into the semiconductor body 330. A bottom of the p-type
clamping region 349 may be above a bottom of the first and/or
second trench 337, 337". These p-type clamping regions sup-
port an electrical breakdown. When commutating the diode
cells and body diodes of the FET cells, a hole current during
sweeping the charge carriers out of the diode flows via the
p-type clamping region 349. A plurality of p-type clamping
regions 349 may be arranged in a pattern over acell area of the
FET 300. The p-type clamping regions 349 may also be
provided in the diodes illustrated in FIGS. 1, 8 and 9.

Although specific embodiments have been illustrated and
de-scribed herein, it will be appreciated by those of ordinary
skill in the art that a variety of alternate and/or equivalent
implementations may be substituted for the specific embodi-
ments shown and described without departing from the scope
of'the present invention. This application is intended to cover
any adaptations or variations of the specific embodiments
discussed herein. Therefore, it is intended that this invention
be limited only by the claims and the equivalents thereof.

What is claimed is:

1. A semiconductor device, comprising:

a semiconductor diode, including:

a drift region;

a first semiconductor region of a first conductivity type
formed in or on the drift region, the first semiconduc-
tor region being electrically coupled to a first terminal
via a first surface of a semiconductor body; and

a channel region of a second conductivity type electri-
cally coupled to the first terminal, wherein a bottom of
the channel region adjoins the first semiconductor
region and a first side of the channel region adjoins the
first semiconductor region, the first side and the bot-
tom of the channel region being embedded in the first
semiconductor region.

2. The semiconductor device of claim 1, wherein the first
semiconductor region is a p-type anode region and the chan-
nel region is an n-type channel region.
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3. The semiconductor device of claim 2, wherein a part of
the p-type anode region between the bottom of the n-type
channel region and a top side of the drift region is configured
to accumulate a space charge per area, and the space charge
per area is smaller than a charge to breakdown per area
between the p-type anode region and an n-type cathode
region.

4. The semiconductor device of claim 1, wherein a maxi-
mum width w, of the channel region along a lateral direction
satisfies 50 nm<w <500 nm.

5. The semiconductor device of claim 1, wherein a second
side of the channel region opposite the first side adjoins the
first semiconductor region.

6. The semiconductor device of claim 5, wherein the chan-
nel region includes monocrystalline silicon at the first side, at
the second side and at the bottom, and the channel region
further includes polycrystalline silicon in a central part
between the monocrystalline silicon, the polycrystalline sili-
con including a higher concentration of doping than the
monocrystalline silicon.

7. The semiconductor device of claim 1, wherein a second
side of the channel region opposite the first side adjoins a
dielectric layer.

8. The semiconductor device of claim 1, wherein a concen-
tration of doping in the channel region decreases by at least
one order of magnitude between 10% to 90% of an extension
from a top to a bottom of the channel region.

9. The semiconductor device of claim 1, wherein a concen-
tration of doping in the channel region is constant between
10% to 90% of an extension from a top to the bottom of the
channel region.

10. The semiconductor device of claim 1, wherein the
semiconductor diode is part of a reverse conducting IGBT.

11. A semiconductor device, comprising:

a drift region;

a first semiconductor region of a first conductivity type in
or on the drift region, the first semiconductor region
being electrically coupled to a first terminal via a first
surface of a semiconductor body;

a first trench extending into the first semiconductor region
from the first surface, the first trench including an elec-
trode electrically coupled to the first semiconductor
region and further including a dielectric layer between
the electrode and the first semiconductor region; and
wherein

a bottom of the first trench adjoins the first semiconductor
region.

12. The semiconductor device of claim 11, wherein:

the first semiconductor region is a p-type anode region; and

a part of the first semiconductor region between the bottom
of the first trench and a top side of the drift region is
configured to accumulate a space charge per area, and
the space charge per area is smaller than a charge-to-
breakdown between the first semiconductor region and a
cathode region.

13. The semiconductor device of claim 11, wherein:

the semiconductor device is a semiconductor diode;

the first semiconductor region includes a p-type anode
zone and a p-type field stop zone, the p-type field-stop
zone including a maximum concentration of p-type dop-
ing smaller than 5x10'¢ cm™>;

a top side of the p-type anode zone adjoins the first surface
and a top side of the p-type field stop zone adjoins a
bottom side of the p-type anode zone; and

the bottom of the first trench adjoins the p-type field stop
zone.
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14. The semiconductor device of claim 13, further com-
prising a first n-type source zone electrically coupled to the
first terminal, wherein a bottom side of the first n-type source
zone adjoins the p-type anode zone and a lateral side of the
first n-type source zone region adjoins the first trench.

15. The semiconductor device of claim 11, wherein the first
trench is V-shaped and the electrode includes a metal or metal
alloy.

16. The semiconductor device of claim 11, wherein:

the semiconductor device is a field effect transistor;

the first semiconductor region includes a p-type body

region adjoining a side of the first trench and the p-type
region includes a p-type field stop zone encompassing a
bottom part of the first trench;

the p-type body region adjoins a side of a second trench

including a gate electrode and a gate dielectric, wherein
the gate electrode is electrically coupled to a third ter-
minal electrically insulated from the first terminal; and
abottom part of the second trench adjoins the drift region.

17. The semiconductor device of claim 16, wherein the
field effect transistor is a power field effect transistor having
a voltage blocking capability of less than 350 V.

#* #* #* #* #*
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